INTRODUCTION
Dispersal is one of the most fundamental, yet least understood, concepts in population biology and ecology [1] . Dispersal characteristics in combination with population size give populations their patterns in space and time. Assessing dispersal is of obvious importance in disciplines such as conservation biology, in which informed management decisions based on an understanding of population structure and movement, or lack thereof, must be made to help preserve species threatened by small population sizes (e.g. [2] ). At the opposite end of the spectrum are pest and invasive species whose large population sizes and dispersal ability can threaten both ecological and agricultural systems. Precise knowledge of population movement in these cases can guide management decisions aimed at more effectively monitoring, controlling and ultimately preventing outbreaks or invasions (e.g. [3] ).
While dispersal rate (sometimes referred to as migration rate) and population size have traditionally been estimated by direct methods such as capturemark-recapture, more recent methods have used spatial genetic structure [4] . In spite of the difficult challenge of linking genetics and demographic population parameters (e.g. [5] ), molecular studies have been widely used to provide insights into patterns of connectivity and movement among populations of a variety of taxa. Microsatellite loci have been considered markers of choice owing to high levels of variation, especially for highly fecund and mobile species (e.g. [6] ). Population genetic surveys of invasive species have examined processes such as colonization dynamics and range expansion within the introduction areas (e.g. [7] for vertebrates and [8] for invertebrates). Additionally, microsatellites have been used for pest species to study the origins and/or subsequent movements of individuals emanating from outbreak populations (e.g. [9 -11] ).
These microsatellite studies investigating dispersal patterns of invasive and pest populations are particularly important as guides to set appropriate scales for management (e.g. [3, 11] ). Management units are usually defined as populations whose dynamics (e.g. growth rate) depend largely on local recruitment rather than dispersal [12, 13] . However, there is no general framework for determining the dispersal rate at which populations become demographically correlated [14, 15] . Yet knowing whether dispersal rates are sufficient to synchronize population dynamics and therefore outbreak occurrences between populations can be useful for the delineation of management units [16, 17] . The threshold for synchrony in population dynamics is often considered to occur at a dispersal rate of 0.1 (e.g. [18, 19] ; see [15, 20] for use in molecular ecology studies). Management of economically important species can also utilize different definitions of population connectivity-in particular the degree to which gene flow affects evolutionary processes (e.g. the evolution of insecticide resistance [9] )-but such genetic connectivity will not be considered here.
The use of population genetics for estimating demographic connectivity, however, is not necessarily as straightforward as it may initially seem. This is because genetic differentiation scales with levels of gene flow (N e m), which is quantified as the product of the effective population size (N e ) and the fraction of dispersers entering the population each generation (m). An important consequence of the above is that levels of gene flow high enough to homogenize genotypic frequencies do not necessarily indicate demographic connectivity between populations. Gene flow owing to tens of migrants per generation is usually sufficient to prevent all but minor allele frequency differences [15, 21] . Given that gene flow also depends on population size (N e ), such a level of genetic exchange may actually represent a very small fraction of dispersers (m) entering the population. When population sizes are large, the dispersal rate high enough to homogenize genotypic frequencies might still be much lower than the 10 per cent rate required to induce synchrony in population dynamics [18, 19] . Therefore, a failure to detect population structure then raises an important question in terms of managing populations: can a dispersal rate, m, between populations be sufficient to cause them to be genetically indistinguishable, yet insufficient to couple their dynamics? Addressing this question requires an understanding of the relative contribution of population size (i.e. N e ) and dispersal rate (i.e. m) to estimates of genetic differentiation. The relationship between these two variables becomes particularly important when considering highly fecund species, such as insect pests characterized by outbreaking populations containing millions if not billions of individuals.
The Australian plague locust, Chortoicetes terminifera, is one of Australia's most significant agricultural pests and can be found across most of the continent. Chortoicetes terminifera is an endemic species that can experience huge increases in local population density, with individuals actively aggregating and forming migratory bands and swarms that can damage pastures and crops [22] . Given its broad geographical range and potential to mass migrate, an improved understanding of its movement patterns and population dynamics is of critical importance to its management. Locust populations have been monitored independently in Western Australia (by the Western Australia Department of Agriculture) and in the four eastern states of Australia (by the Australian Plague Locust Commission), largely assuming low demographic connectivity between populations from both sides of the continent [23, 24] . However, the demographic independence of outbreak events at the continental scale has been questioned since the first report of simultaneous locust plagues in 1999-2000 at both the eastern and western extremes of the species's distribution [25] . In contrast, a recent time-series analysis of C. terminifera population growth rates recorded between 1987 and 2010 showed a lack of synchrony across the eastern states of Australia and a demographic structuring congruent with geography and climate in this region (K. Berthier, S. J. Simpson, E. Deveson, M.-P. Chapuis & G. A. Sword, unpublished data). Because uncertainty remains about the rate and significance of C. terminifera movements at the continental scale, despite detailed ecological studies, investigation of spatial molecular structure may represent a useful alternative. Although cuticular hydrocarbon profiles [26] and B chromosomes [27] have not revealed any population structure across C. terminifera's range, the possibility of genetic population structure has not been examined to date using highly variable molecular markers.
Here, we used microsatellite loci to assess genetic variation in 12 C. terminifera population samples spanning most of the species's range. Our primary goal was to check for genetic differentiation between locust populations from the eastern states of Australia versus those from Western Australia and how such differentiation, or lack thereof, translated into rates of dispersal. We first computed traditional summary statistics to evaluate levels of genetic diversity in C. terminifera and the existence of population structure across the entire Australian continent. We then investigated how these observed levels of genetic diversity translated in terms of the population-scaled mutation rate (Q) by using an approximate Bayesian computation (ABC) method [28, 29] . Finally, given these Bayesian estimates, we used computer simulations based on the coalescent [30] to estimate the rates of migration (m) that could account for levels of genetic structure we observed. Seven microsatellite loci (CT096, CT106, CT128, CT278, CT318, CT358 and CT401) were genotyped using fluorescently labelled PCR primers and an ABI 3130 DNA sequencer (Applied Biosystems), as described by Chapuis et al. [32] . To minimize genotyping errors, a minimum of two replicate PCRs per sample per locus were conducted. Alleles were scored using GENETIC PROFILER 1.0 software (Amersham Biosciences). Alleles included in the final consensus genotypes were observed at least twice; if observed only once, an additional PCR replicate was conducted. One negative and eight positive controls (samples with known genotypes) were included in each run of 96 PCR reactions to check for potential contamination and standardize genotyping across experiments.
MATERIAL AND METHODS
We did not detect any significant linkage disequilibrium between all pairs of microsatellite loci in all population samples using exact G-tests in GENEPOP 4.0 (p . 0.054; [33] ). We tested for and estimated the null allele prevalence as previously described by Chapuis et al. [34] and detailed in the electronic supplementary material. We calculated expected heterozygosity (H E ) [35] averaged over loci and population samples. We tested for genotypic differentiation among population samples by using the exact G-test of heterogeneity of genotypic frequencies implemented in GENEPOP 4.0 [33] . The level of differentiation between population samples was quantified by computing pairwise estimators of F ST [36] following Chapuis & Estoup [37] and using the package FREENA (http://www1.montpellier. inra.fr/URLB). These population genetic analyses are little affected by the presence of null alleles [34, 37] (see the electronic supplementary material).
(b) Bayesian inference of the population-scaled mutation rate We then investigated how the high levels of genetic diversity observed within the 12 sampled C. terminifera populations translated in terms of the population-scaled mutation rate (Q). Under the coalescent model, only the product 4N e m R of the effective population size and the mutation rate of the microsatellite repeat region (m R ) can be estimated, unless additional information on m R is available. Estimates of germline mutation rates in microsatellites from insect genomes are scarce [38] [39] [40] , and unknown in the Orthoptera.
To this end, we used the ABC method [28] implemented in DIYABC [29] because, to our knowledge, it is the single exception in implementing the elaborate generalized stepwise mutation (GSM) model [41] (see also [42] ) among likelihood-based approaches for estimating population parameters (e.g. [43] ). These other methods postulate a stepwise mutation model [44] that has been shown to be too simplistic and insufficient to explain all observed microsatellite data [42] . Another microsatellite evolutionary feature handled by DIYABC, and particularly relevant to our C. terminifera dataset, is the presence of mutations in the flanking region leading to the presence of even and uneven allele sizes. In addition, ABC circumvents the difficulty of convergence of the Markov chain Monte Carlo exploration used in full likelihood-based approaches [29] while comparing in terms of statistical efficiency of inferences, at least when dealing with simple evolutionary scenarios [28] . Statistics summarizing genetic diversity within population samples included the mean number of alleles (A), the mean expected heterozygosity (H E ) and the variance of allele sizes in base pairs (V ). Independently, for each population sample, we produced a reference table containing five million simulated datasets generated from a simple model in which a single population of constant size N e was sampled. With these datasets, we then used a local linear regression to estimate the posterior distribution of Q. For use in local linear regression, we took the 1000 (0.5‰) simulated datasets closest to our real dataset and applied a logit transformation to parameter values.
With regard to model parameters, we chose a uniform prior bounded between 5 Â 10 3 and 5 Â 10 6 for N e . Mutations in the repeat region of each locus followed a symmetric GSM model [41] Regarding model parameters, we used a populationscaled mutation rate Q of 100, which plausibly explained the observed heterozygosity values at C. terminifera microsatellite markers according to DIYABC inferences ( §3). By approaching the lower 2.5 per cent quantile of the DIYABC posterior distributions, this value is also very conservative regarding assessment of the power to detect departure from panmixia. Mutations were simulated as described for the Bayesian inferences, with slight modifications. We modelled mutations in the primer-binding sites that can lead to the presence of null alleles, as described by Chapuis & Estoup [37] . Other details on mutation parameter settings are provided in the electronic supplementary material.
RESULTS
Mean and standard deviations over loci and population samples of the expected heterozygosity were 0.933 + 0.056 in our real C. terminifera dataset (see the electronic supplementary material for H E values for each population sample). We investigated how these remarkably high levels of genetic diversity observed within the 12 sampled C. terminifera populations translated in terms of the population-scaled mutation rate Q ¼ 4N e m R (see figure 2 for the density estimate of the posterior distribution from the ABC treatment on population sample 1). Variation of posterior distributions between population samples was relatively small for our parameter of interest (see the electronic supplementary material). Therefore, we hereafter report the mean estimates and 2.5 and 97.5 per cent quantile values averaged over all 12 population samples. Our results indicate that the observed levels of genetic diversity within C. terminifera corresponded to very large values of Q, with a mode estimate of 155 and a relatively narrow confidence interval (CI) of 87 -314. This result was robust to changes in prior distribution for the mean mutation rate m R and conservative regarding impact of null alleles (see the electronic supplementary material). The lower 2.5 per cent limit of the CI (87) indicated that a very conservative range of the long-term C. terminifera effective population size was 21 750 -3 452 382 diploid individuals, when considering the highest and lowest germline mutation rates estimated in insects to date (10 23 [40] and 6.3 Â 10 26 [38] ). We failed to detect any genotypic differentiation among populations sampled across the entire continental range of C. terminifera. This was the case in each of the 66 pairwise comparisons between population samples We used computer simulations to investigate the minimum number of migrants per generation (i.e. N e m) that could explain the absence of differentiation observed between populations sampled from eastern states of Australia and from Western Australia. Global exact tests performed on simulated datasets, with similar characteristics to our real dataset, erroneously accepted the null hypothesis of panmixia (i.e. committed a type II error b) with a probability of 10 per cent when populations exchanged 25 effective migrants per generation ( figure 3) . Similarly, the probability of committing a type II error b exceeded 10 per cent from levels of gene flow of 10 migrants per generation when comparing a single pair of population samples. Power of both the global and pairwise exact tests fell below 70 per cent for gene flow values of N e m greater than 50.
Taken together, the results that (i) power to detect two populations dramatically declined when the populations exchanged more than 50 migrants given the characteristics of the C. terminifera dataset, and (ii) C. terminifera lived in populations of a minimum of 21 750 effective individuals, indicated that a very conservative estimate of the minimum migration rate per generation that could explain the observed absence of genetic differentiation between locust populations separated by 3047 km across the Australian continent was 2.3 Â 10 23 (i.e. 50/21 750). Genetic homogeneity across locust range M.-P. Chapuis et al. 3155 Figure 4 shows that a migration rate necessary to maintain genetic homogeneity would be even smaller for larger and more realistic effective population sizes. For instance, using the mode Bayesian estimate for Q (155) and an average mutation rate of 10 24 provided a realistic estimate of the effective population size of about half a million individuals, in which case we would expect a minimum exchange rate as small as 1.3 Â 10 24 to homogenize genotypes between populations on opposite sides of the continent.
DISCUSSION
We detected no genetic structure for Australian plague locust populations covering a large part of the species's range in our analysis of microsatellite variation. In contrast, genetic differentiation between geographical localities is a common trend observed in most living species [45] . Complete lack of any genetic differentiation at microsatellite markers and across the entire range of a species is very rare in terrestrial species, including insects [46] , but has been more frequently observed in marine species (e.g. [47] ). It is of interest to note that locust species share some key attributes with marine invertebrates and fish, including life histories characterized by high fecundity with the potential for huge population sizes, as well as the capacity for longdistance dispersal, with long-winged adult locust and planktonic larvae movements driven by prevailing winds and ocean currents, respectively.
Although a lack of genetic structure across a species range is rare, the failure to detect genetic differentiation at finer scales is not uncommon. Despite the relatively high resolution of microsatellite loci, the studies on pest and invasive populations of invertebrate species often report a lack of genetic structure in threatened areas [8] [9] [10] [11] . Similarly, a low degree of genetic differentiation among many fish populations is commonly reported in marine studies (reviewed in [48] ). There are several non-exclusive explanations for the failure of microsatellite markers to detect genetic structure. The first is that microsatellite markers do not allow the detection of structure that may actually be present owing to limits on statistical power imposed by the relatively small numbers of markers typically used. Accordingly, additional computer simulations showed that genetic heterogeneity could be detected despite twofold and fourfold more migrants by increasing the number of genotyped microsatellite loci from the seven used in the present study to 30 and 100, respectively (see the electronic supplementary material).
Alternatively, it may be that there really is genetic homogeneity among populations across large geographical scales. There are several possible explanations for such a pattern. In introduced species, homogeneity may be due to the recent and rapid spreading of invasive populations from a unique source population (e.g. [49] ), and/or sufficiently large effective sizes of newly successful populations, preventing genetic drift and differentiation since introduction (i.e. shared ancestral polymorphism; e.g. [8] ). However, in species occupying their native ranges, shallow genetic structuring across broad regions has primarily been explained by high levels of gene flow (N e m). In pests, the propensity to outbreak may itself play a major role in intensifying gene flow and homogenizing genetic variation, even over continental scales [34, 50] . Levels of gene flow high enough to maintain genetic homogeneity in terrestrial pest and marine populations have often been explained by their presumed high dispersal rate or distance (e.g. [10] ; see [48] for marine literature). Consequently, the demographics of genetically non-differentiated populations have sometimes been interpreted as necessary to maintain genetic homogeneity as a function of the mean mutation rate of microsatellite repeat regions (m R ) for values of Q (i.e. 4N e m R ) estimated using DIYABC in C. terminifera populations (black) or studied in Waples & Gaggiotti's [15] simulations (grey). We considered that power to detect two panmictic populations was poor (i.e. chance to observe genetic homogeneity was high) when the populations exchange more than 50 migrants. See text for more details. Diamonds represent the three germline estimates of dinucleotide microsatellite mutation rate in insects [38] [39] [40] .
tightly linked, connected as a single panmictic group (e.g. [11, 47] ). This interpretation has led to the controversial conclusion that management units should be delineated at scales at least similar to that for which genetic homogeneity was observed (e.g. [11, 51] ; for debate and review, see [14] ). Importantly, homogenizing levels of gene flow do not necessarily indicate demographic dependence [15] or synchrony [20] between populations. The Australian plague locust is a stark illustration of this fact. A clear demographic structure was recently observed in this species that distinguished northeastern and southwestern populations across the same eastern region of Australia that was sampled in this study (figure 1). Growth rates in these demographic areas were strongly impacted by local recruitment, being primarily dependent on rainfall patterns, whereas the contribution of immigration was insufficient to couple their dynamics, as evidenced by the lack of observed synchrony between these areas. This study also suggested that outbreaks in northeastern and southwestern populations could possibly be due to different time lag responses to tropical and temperate rainfall regimes, respectively. Thus, the risk of outbreaks and the potential need for management actions within one of the focal areas cannot reliably be extrapolated to the other. Taken together, the combined population genetic and dynamic data illustrate that although dispersal rates between Australian plague locust populations cause them to be genetically indistinguishable, they can still nonetheless be demographically distinct. By dissecting the relative contribution of population size and dispersal rate to estimates of genetic differentiation, our results have allowed us to reconcile these apparently conflicting patterns.
Computer simulations using datasets that mimicked our actual data and sampling regime showed that the power to detect two distinct populations (e.g. on the western and eastern sides of Australia) dramatically declined when the populations exchanged more than 50 migrants per generation ( figure 3 ). This suggests that populations located in eastern states of Australia and those from Western Australia were connected by a seemingly high level of gene flow (considering the distances involved) of at least 50 migrants per generation. This result parallels the results of Waples & Gaggiotti [15] , who showed that power to detect distinct populations drops beyond levels of gene flow of 25 migrants per generation when assessed by Fisher's exact tests on allelic frequencies simulated under standard microsatellite genotyping effort and various population models. Given that gene flow also depends on population size (N e ), such a level of genetic exchange may actually represent a very small fraction of dispersers (m) entering the population.
The relationship between these two variables (N e and m) becomes particularly important when considering highly fecund species. Very large population sizes are a feasible explanation for why the Australian plague locust population samples had a noticeably high mean expected heterozygosity of 0.933. The ABC treatment to examine population parameters indicated notably large longterm values of the population-scaled mutation rate Q in C. terminifera populations, conservatively estimated at about 100. Germline mutation rates in Orthoptera are unknown, but the few available studies in insects indicated a range of 6.3 Â 10 26 to 10
23
. In light of these parameter values, our inferences suggest that the minimum long-term effective population sizes in which Australian plague locusts persist range anywhere from tens of thousands to a few million individuals. Typical values of effective population size are about one order of magnitude less than actual adult population sizes in insects [52] . Demographic factors such as variance in reproduction and living in crowds are predicted to further lower the ratio of effective to actual population size [52] . Importantly, in outbreaking species, the long-term effective population size is also expected to be closer to the size during remission periods than to that during outbreak periods [53] . Thus, our inferences suggest that Australian plague locusts persist, even during non-outbreak periods, in populations of hundreds of thousands of adults or more, which is likely to be in the upper range of most orthopteran species' population sizes. During outbreak periods, the population sizes resulting from successive generations of breeding in these already large remission populations would be truly massive.
The estimates of C. terminifera population sizes combined with computer simulations provide critical insight into the relationship between genetic and demographic connectivity across its range. The very large population sizes overwhelmingly affected levels of genetic differentiation among populations and hampered appreciation of the levels of dispersal between them. Indeed, given the very large sizes of the C. terminifera populations, even dispersal rates (m) of the order of 10 25 between populations located in western and in eastern Australian states could result in a number of effective migrants of 50 (N e m), which is sufficient to homogenize genotypic frequencies (figure 4). At the other end, the most conservative minimum exchange rate to homogenize genotypes between study populations on opposite sides of the continent just slightly exceeded 10 23 (i.e. by using the 2.5% lower limit of our Bayesian estimate for Q and the highest germline mean mutation rate reported for insect microsatellites so far; figure 4). The actual dispersal rate will probably be greater than our minimum estimate range, but cannot be quantified using the methods employed here owing to the observed genetic homogeneity among populations. The threshold for synchrony in population dynamics is often considered to occur at a migration rate of 0.1, which is several orders of magnitude higher than our minimum estimates [18, 19] . Therefore, despite the fact that Australian plague locust populations are genetically homogeneous, a population genetics approach alone simply cannot determine whether they are demographically connected.
Our conclusion about detecting population structure in the face of dispersal differed somewhat from that of Waples & Gaggiotti [15] , who also examined the performance of exact tests. The authors concluded that there was moderate power to detect significant structure among populations exchanging effective migrants at a rate as high as 0.2 per generation. This discrepancy is because they considered, in accordance with their species of interest, values for the population-scaled mutation parameter Q varying from 0.1 to 1, whereas the value of Q for Australian plague locust populations considered here can number in the hundreds (figure 4). The relatively low range of Q considered in other population genetics Genetic homogeneity across locust range M.-P. Chapuis et al. 3157 studies (e.g. [15] ) may reflect the fact that a large proportion of the population genetics and conservation genetics literature focuses on vertebrates, most (but not all) of which live in smaller population sizes than invertebrates and will therefore have smaller Q values. In broader terms, what is most important to stress here is that when population sizes (N e ) are large, a non-significant difference in genotypic frequencies between populations does not provide any evidence that their dynamics are connected or synchronized. Conversely, for large populations, a significant test of genotypic differentiation should be a reliable indication that migration is far below the threshold for population dynamics uncoupling, or even independence [15, 54] . Although directly relevant to C. terminifera in Australia, this example applies to a variety of population genetics analyses of other mobile and fecund species. Indeed, this situation echoes challenges encountered in the study of marine organisms that occur in apparently unstructured populations spread across vast areas (reviewed in [48] ) and may occur in a large number of outbreaking insects [9 -11,50] . These insights between genetic homogeneity and demographic connectivity of large populations are timely, considering the recent growth of population genetics studies focused on pest or fish management (e.g. [48, 55] ).
Clearly, an accurate understanding of effective sizes of wild populations is required to appreciate the extent to which genetics data can be used to estimate ecological connectivity within species. Our study highlights some potentially important constraints on the application of population genetic approaches to the study of movement ecology and its application to the management of organisms with very large populations. Although there are considerable challenges involved in the analysis of the population genetics of large populations, it is important to remember that populations are dynamic in space and time. As such, in many species there are likely to be critical windows during which analyses will be more informative, such as when populations are subjected to drastic founder effects. This might occur in the initial phases of invasion of introduced species, or at the time of outbreak declines, or during recession periods in pest species, resulting in populations displaying less allelic variation and some degree of genetic differentiation. Of particular interest for future study of the Australian plague locust will be the stability of the observed pattern of range-wide genetic homogeneity over time, in particular during periods of outbreak versus remission, as well as with more intensive sampling of potentially divergent populations, since our sampling of the species range was not exhaustive. The potential still exists for genetically distinct populations in environments at the periphery of the core range ( figure 1 ). In such areas, the locust populations may be subject to bottlenecks and isolated from the main core populations, at least during remission periods [56] . 
